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Metal ligands in micronutrient acquisition and homeostasis
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Abstract
Acquisition and homeostasis of micronutrients such as iron (Fe) and zinc (Zn) pose
specific challenges. Poor solubility and high reactivity require controlled synthesis
and supply of ligands to complex these metals extracellularly and intracellularly. Cyto-
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solic labile pools represent only a minute fraction of the total cellular content. Several
low‐molecular‐weight ligands are known in plants, including sulfur ligands (cysteine
and peptides), nitrogen/oxygen ligands (S‐adenosyl‐L‐methionine‐derived molecules
and histidine), and oxygen ligands (phenolics and organic acids). Some ligands are
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secreted into the extracellular space and influence the phytoavailability of metal ions.
A second principal function is the intracellular buffering of micronutrients as well as
the facilitation of long‐distance transport in xylem and phloem. Furthermore,
low‐molecular‐weight ligands are involved in the storage of metals, predominantly
in vacuoles. A detailed molecular understanding is hampered by technical limitations,
in particular the difficulty to detect and quantify cellular metal–ligand complexes.
More, but still too little, is known about ligand synthesis and the transport across
membranes, either with or without a complexed metal. Metal ligands have an immediate impact on human well‐being. Engineering metal ligand synthesis and distribution
in crops has tremendous potential to improve the nutritional quality of food and to
tackle major human health risks.
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I N T RO D U CT I O N

metals and posttransition metals in the fourth and fifth periods of
the periodic table, namely, iron (Fe), zinc (Zn), copper (Cu), manganese

Micronutrients are essential elements or compounds required by

(Mn), molybdenum (Mo), and nickel (Ni). They are often referred to as

organisms in smaller quantities, relative to macronutrients such as

trace elements and the subject of this review. Not discussed are the

nitrogen, potassium, or phosphorus. According to definitions generally

nonmetallic micronutrients boron (B) and chlorine (Cl).

used in biology, micronutrients comprise both organic molecules such

During the course of evolution, the metallic micronutrients were

as ascorbic acid and other vitamins as well as minerals. Plants, of

recruited for myriad biochemical functions, albeit to very different

course, only have to acquire inorganic micronutrients from the envi-

extent (Krämer & Clemens, 2005; Zhang & Gladyshev, 2011).

ronment as they synthesize all organic molecules themselves. Most

Although nearly 10% of all plant proteins are predicted to contain Zn

micronutrients from the plant's perspective belong to the transition

as a cofactor (Andreini, Banci, Bertini, & Rosato, 2006), there is only
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one plant protein known to require Ni, namely, urease. Zn is of major

known about the functions of metal transporters, even though they

importance as a cofactor in enzymes. In all six Enzyme Commission

are predominantly inferred from mutant phenotypes, heterologous

classes, Zn‐dependent proteins are known (Clemens, 2010; Waldron,

expression, and subcellular localization, as direct transport measure-

Rutherford, Ford, & Robinson, 2009). Furthermore, it has structural

ments are in most cases missing.

roles especially in many proteins interacting with nucleic acids, for

A persistent limitation of experiments aiming at unravelling the

example, polymerases and transcription factors. The redox activity of

exact physiological roles of LMW ligands is the difficulty of detecting

Fe and Cu is essential for the major energy‐providing processes, pho-

metal–ligand complexes in cells (reviewed in Álvarez‐Fernández, Díaz‐

tosynthesis and respiration. A photosystem I complex, for example,

Benito, Abadía, Lopez‐Millan, & Abadía, 2014). Visualization with the

contains 12 Fe atoms per monomer in Fe–S clusters. Cu is present

help of fluorescent tags is not possible as chemical modifications

in the cytochrome c oxidase complex of the respiratory chain and part

would strongly affect the metal–LMW ligand interaction. Any type

of mobile electron carriers such as plastocyanin. Mn has a major func-

of extraction is associated with the risk of changing the metal

tion in photosynthesis, too. A Mn cluster is at the heart of the oxygen‐

speciation because alternative binding partners become available

evolving complex in photosystem II. Mo is found in only few but very

when tissue integrity is compromised. Direct detection of most

important plant proteins including nitrate reductase and the enzyme

metal–ligand complexes is therefore restricted to accessible plant

catalyzing the final step in abscisic acid biosynthesis, aldehyde

fluids such as the xylem sap, the phloem sap, or the liquid endosperm

oxidase (Hänsch & Mendel, 2009). Furthermore, the key enzyme of

of pea seeds. It can be achieved by direct infusion chromatography,

biological nitrogen fixation, nitrogenase, contains a Mo cofactor.

for example, hydrophilic interaction chromatography (HILIC) or size‐

When compared with a macronutrient such as the alkali metal

exclusion chromatography (SEC), coupled to electrospray ionization–

potassium (K), acquisition and homeostasis of transition metals pose

mass spectrometry (ESI–MS; Flis et al., 2016). Before this became

particular challenges for organisms. First, their availability for uptake

possible, metals and potential ligands were quantified separately, and

by plants can be very poor even when they are abundant in soil. The

the existence of complexes was predicted using chemical speciation

best known example is Fe. In aerated soil, it is mostly present as Fe(III),

software and in vitro data on the stability constants of various

because it forms complexes of low solubility with various soil anions,

metal–ligand complexes.

especially at alkaline pH. Second, for the very reason transition metals

A more indirect approach has to be followed when metal–ligand

and Zn have such a wide range of biological functions, their activity

complexes are to be detected in tissues. Mild, ideally metal

needs to be tightly controlled inside an organism. Strong interaction

speciation‐preserving extraction is combined with SEC coupled to

with organic molecules, for example, the thiol groups of proteins, or

inductively coupled plasma–MS (ICP–MS; Husted et al., 2011). Frac-

redox activity can damage cellular structures. This is illustrated by

tions containing the metal of interest are then subjected to a second

the high toxic potential of metallic environmental pollutants without

chromatographic step and ESI–MS for the identification of potential

biological function, such as cadmium, mercury, lead, and arsenic. After

ligands that coeluted with the metal in SEC.

entering a cell, they are not guided to sites of usage by a homeostatic

Data on the atomic environment and thereby on potential ligands

system. When the limited capacity to bind them is exhausted, they

of a metal can be obtained by synchrotron‐based X‐ray absorption

wreak havoc on a wide range of molecules.

spectroscopy (XAS; Wu & Becker, 2012). Bulk tissue samples or

Besides transporter proteins mediating membrane passage of

sections are exposed to focused X‐ray beams. Absorption of X‐rays

metals (Argüello, Raimunda, & González‐Guerrero, 2012; Krämer, Talke,

excites core electrons, which results in the release of element‐specific

& Hanikenne, 2007), low‐molecular‐weight (LMW) compounds that

fluorescence. In XAS, absorption over a range of photon energies is

have the ability to form stable complexes with metals play a key role

recorded, and the resulting spectra provide information on redox state

in metal homeostasis. From now on, they are referred to as LMW

of the metal and the identity of neighbouring atoms. Although the

ligands. When ligands form multidentate complexes, that is, at least

actual ligands cannot be determined, an advantage of XAS lies in the

two coordinate bonds with the central metal atom, they are also called

detection in situ, that is, without any extraction or separation.

chelators. Another important function of some LMW compounds in

Determining the speciation of an element in a biological system

metal homeostasis is redox activity and here predominantly the reduc-

entails data on the distribution and the chemical species, that is, the

tion of Fe(III) to Fe(II). This review aims to provide an overview about

oxidation state, isotope ratio, and molecular structure of ligands

molecules and functions, to describe recent progress in the physiologi-

(Templeton et al., 2000). Methods to study the distribution of metals

cal understanding of LMW ligands, for example, the newly discovered

are rapidly progressing (reviewed in Zhao, Moore, Lombi, & Zhu,

role of coumarin secretion for Fe acquisition (Tsai & Schmidt, 2017),

2014). Imaging techniques include synchrotron radiation X‐ray

and to discuss the relevance of this knowledge for human nutrition.

fluorescence, proton/particle‐induced X‐ray emission spectrometry,
secondary‐ion MS (SIMS), and laser ablation ICP–MS (LA–ICP–MS).
In recent years, sensitivity and resolution have improved tremen-
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EXPERIMENTAL CHALLENGES

dously so that elemental maps are becoming more and more precise.
Colocalization of elements can provide indirect evidence as to the

The focus here is on the molecules that act before, in between, or

nature of molecules complexing metals. For example, high‐resolution

after transmembrane metal transport steps. Overall, much more is

nano‐SIMS of rice nodes localized arsenic in rice phloem companion
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cells together with sulfur, suggesting the presence of As–thiol com-

xylem, for example, secrete ligands that function as binding partners

plexes (Moore et al., 2014).

for metals in the xylem.

The major bottleneck remains the direct detection of metal–ligand

A second principal function is the buffering of metals in the cyto-

complexes. Thus, the physiological function of LMW ligands in most

sol and other cellular compartments (Figure 2). As introduced above,

cases has to be inferred from phenotypes related to the concentra-

the interactions of metallic micronutrients with cellular components

tions and/or speciation of metals that are observed after genetic inter-

need to be tightly controlled. This can be illustrated by considering

ventions causing changes in the rates of LMW ligand synthesis or in

the Irving–Williams series. It describes the stability of complexes

LMW ligand distribution. For example, as discussed in more detail

between divalent metal ions and organic ligands (Irving & Williams,

below, Arabidopsis thaliana mutants defective in the synthesis of the

1953). Regardless of the chemical nature (be it sulfur, nitrogen,

nonproteinogenic amino acid nicotianamine (NA; Figure 1) showed

and/or oxygen containing), Cu(II) will always form the most stable

symptoms of Fe deficiency especially in young leaves, which indicated

complexes followed by Zn(II) and Ni(II). For biological systems, this

a role of this LMW chelator in the supply of Fe via the phloem to sink

implies that these metals should practically not be available in order

leaves (Schuler, Rellán‐Álvarez, Fink‐Straube, Abadía, & Bauer, 2012).

to prevent a displacement of metals forming less stable complexes,

Similarly, RNAi‐mediated knockdown of root NA synthesis reduced

such as Fe(II) or Mn(II), from their designated binding sites. This

the level of Zn hyperaccumulation in leaves of the metallophyte

applies especially during protein folding when nascent polypeptides

Arabidopsis halleri, supporting a role of NA in the root‐to‐shoot

are particularly vulnerable to becoming populated with the wrong

translocation of Zn (Deinlein et al., 2012; Uraguchi, Weber, &

metal (Waldron & Robinson, 2009). Evolution solved this problem

Clemens, 2019).

by maintaining very low concentrations of free metal ions in the
cytosol. In the case of Cu(II), this concentration is close to zero. Cu(II)
taken up by cells is bound by metallochaperones, which deliver it to

3 | PRINCIPAL FUNCTIONS OF LMW
L I G A N D S I N M ET A L H O M E O S TA S I S

target proteins and transporters (Burkhead, Reynolds, Abdel‐Ghany,
Cohu, & Pilon, 2009). The metal transfer from one protein to the
other is in this case enabled by protein–protein interaction and struc-

The metal homeostasis functions of LMW ligands lie before in

tural changes during the docking. Conformational changes in the

between and after metal transport steps. Accordingly, they can be

acceptor protein or a switch in the redox state can trap the donated

grouped

LMW

metal so that it is no longer available for exchange (reviewed in

ligands are secreted into the extracellular space and influence the

Waldron & Robinson, 2009). Generally, ligand exchange reactions in

phytoavailability of metal ions (Chen, Wang, & Yeh, 2017).

cells are not simply determined by absolute affinities. Perhaps more

Phytoavailability can either be enhanced, as illustrated best by the

meaningful are relative affinities. A metal further down in the

essentiality of LMW chelator secretion for the acquisition of Fe, or

Irving–Williams series, for example, Fe(II), can be complexed by a

be decreased and in this way be beneficial for the plant. An example

cellular component, provided the metals further up in the Irving–

into

different

categories

for the latter is the immobilization of Al

(Figure

3+

2).

Some

outside of root cells in acidic

soil to attenuate toxic effects. This is achieved by secretion of organic

Williams series, for example, Zn(II), are tightly bound by other
molecules with higher affinity.

acids that can form Al complexes (Kochian, Piñeros, Liu, & Magalhaes,

The metal fraction bound in such a way that it can be exchanged,

2015). LMW ligand secretion is certainly most active in root cortical

that is, is available for interaction with cellular molecules, is referred

and epidermal cells but not confined to them. Cells surrounding the

to as the labile pool. The free metal (hydrated ions) and the labile pool
together constitute only a minute portion of the total metal in a cell.
For Zn(II), experiments with A. thaliana roots expressing a range of
Förster resonance energy transfer Zn sensors determined a concentration of around 400 pM for free Zn(II), whereas the total cellular Zn
concentration is around 100 μM (Lanquar et al., 2014). For animal cells,
similar values have been obtained (Maret, 2013). Most of the metal is
bound as cofactors in proteins and not available. Controlling the labile
pool, that is, the exchangeable metal, and the free metal is a major
function of LMW ligands. Several abundant molecules in cells, for
example, glutathione (GSH), citrate, ATP, or histidine, are potential
Zn(II) ligands in cells. Their actual contribution to Zn buffering,
however, is not known because of the experimental challenges that

FIGURE 1 Important metal ligands in plants. The top row shows
coumarins involved in the Fe acquisition by strategy I plants. The
two S‐adenosyl‐L‐methionine‐derived metal chelators in the bottom
row are involved in the acquisition and homeostasis of several
micronutrients

preclude detection and quantification of the respective metal ligand
complexes in vivo (Krężel & Maret, 2016). In plants, the buffering of
Zn, Fe, and other metals also contributes to symplastic mobility and
thus enables, for example, the lateral movement of micronutrients
across the root towards the vasculature (Figure 2).
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FIGURE 2 Principal functions of metal ligands in micronutrient acquisition and homeostasis. In strategy I plants, Fe acquisition at neutral or
alkaline pH is dependent on the secretion of coumarins and possibly other metabolites that either chelate or reduce poorly soluble Fe(III).
Inside cells, ligands have a metal buffering function and can mediate vacuolar sequestration under conditions of metal excess. Furthermore,
cytosolic metal–ligand complexes ensure symplastic mobility. Metals and ligands are generally assumed to be loaded into the xylem separately. In
the xylem sap, metals can be complexed or remain free as hydrated ions. Most metal atoms in the phloem are bound by ligands. Metal ions, ligands,
or metal–ligand complexes can be loaded into the phloem. Sink leaves are supplied with micronutrients by source leaves via the phloem.
Micronutrients can be stored in vacuoles either in free form or in complexed form. Please note that the ligand symbol indicates a chelator, that is, a
ligand forming multidentate complexes. For reasons of simplicity, one symbol is used for chelators and other ligands

Finally, LMW ligands are involved in the storage of metals, pre-

complexes deliver metals to transporter proteins in a way analogous to

dominantly in vacuoles (Figure 2). Micronutrients are supplied to

the interaction between Cu chaperones and Cu‐ATPases (González‐

the offspring via storage in seeds. The main storage sites at least in

Guerrero & Argüello, 2008).

cereals are vacuoles. Furthermore, when micronutrients or nonessential elements are in excess, LMW ligands can mediate vacuolar
sequestration to prevent toxic effects in the more vulnerable cellular
compartments. A special case is the extremely high accumulation of
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LMW LIGANDS IN PLANTS

Ni, Zn, or Cd in the leaves of metal hyperaccumulating plants.
Toxicity of the accumulated metals presumably confers elemental

A variety of molecules have been assigned a function as

defence

LMW ligands in plants. Many of them are involved in more than

against

herbivores

and

pathogens

(Kazemi‐Dinan,

Thomaschky, Stein, Krämer, & Müller, 2014).

one of the principal functions and can be found in various

All functional categories of LMW ligands are tightly interlaced with

compartments. The list of established components comprises sulfur

metal transport. Adequate understanding of LMW ligand functions

ligands (cysteine, peptides, and small proteins), ligands containing

requires careful investigation not only of their synthesis and the for-

N‐ and O‐atoms (molecules derived from S‐adenosyl‐L‐methionine,

mation of complexes but also of their transport across membranes,

histidine, and other amino acids), and O‐ligands (phenolics such as

either with or without a complexed metal (Haydon & Cobbett,

coumarins, and organic acids; Figure 1). Most likely, however, our

2007). Major transporter groups involved in metal ligand and/or

current inventory of LMW ligands is far from complete. Candidate

metal‐complex transport belong to the YELLOW STRIPE 1‐like trans-

LMW ligands include, for example, flavonoids (Corso et al.,

porters (YSL), the major facilitator superfamily, and ABC transporters.

2018) and other specialized metabolites. Many more may await

Furthermore, it remains an open question as to whether metal–ligand

identification.
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Dissociation constants and stability of these complexes vary. For
example, NA has a higher affinity for Fe(III) than for Fe(II), but the
complex stability is greater for Fe(II)–NA. Metal–NA complexes are

Among the best documented functions of LMW ligands is the mobili-

usually more stable at a pH around neutral than at an acidic pH. Most

zation of scarcely available soil Fe. Under oxic conditions, most of the

available evidence suggests a role in the distribution of these

Fe is bound as Fe(III) in (hydr)oxides and poorly soluble especially in

micronutrients within plants and, in accordance with the pH influence

calcareous soils. Two different strategies are employed by plants to

on complex stability, mostly in the cytosol and the phloem. A. thaliana

acquire Fe (Marschner & Römheld, 1994). Strategy I of dicots and

plants lacking NA develop interveinal chlorosis as a symptom of Fe

nongraminaceous monocots comprises acidification of the rhizosphere

deficiency especially in young leaves because the transfer of Fe from

and reduction of Fe(III) to Fe(II) as described in detail below. An inte-

the phloem to sink tissues is defective (Schuler, Rellán‐Álvarez, Fink‐

gral part of the strategy II typical for grasses is the secretion of

Straube, Abadía, & Bauer, 2012). YSL transporters are hypothesized

phytosiderophores belonging to the mugineic acid family (reviewed

to move Fe–NA complexes from the phloem to surrounding paren-

in Kobayashi & Nishizawa, 2012). The most prominent compound in

chyma (Kumar et al., 2017).

this class is deoxymugineic acid (DMA; Figure 1). Root cells secrete

Research into the physiological role of NA was for a long time

DMA and other more hydroxylated mugineic acids in a diurnal pattern

focused on Fe homeostasis because the Fe deficiency symptoms of

through transporters such as TOM1 in rice and barley (Nozoye et al.,

NA synthesis mutants are obvious. Today, it is clear that NA complex-

2011). Synthesis is strongly up‐regulated under conditions of Fe defi-

ation serves important functions in the homeostasis of several other

ciency. Fe(III) is solubilized, and the stable phytosiderophore–Fe(III)

micronutrients, too. Defects in NA synthesis or a lowering of the cyto-

chelate complexes are taken up into root cells by YELLOW STRIPE 1

solic NA pool in root cells negatively affect the translocation of Zn

and YSL transporters.

from roots to shoots. Overexpression of the vacuolar NA transporter

DMA is detectable not only in roots and root exudates of grasses

ZIF1 in A. thaliana causes a retention of Zn in the roots (Haydon et al.,

such as rice but also in shoots and seeds as well as in phloem and

2012). When the spatial distribution of metals across A. thaliana roots

xylem (Kobayashi, Nozoye, & Nishizawa, 2019). Indeed, the physiolog-

was determined by LA–ICP–MS, comparisons of the wild type and an

ical role of DMA goes beyond Fe(III) acquisition from the soil. DMA is

NA biosynthesis mutant directly showed a build‐up of Zn in mutant

secreted internally as well. The efflux transporter TOM2 is expressed

roots, consistent with impaired mobility of Zn towards the xylem

in many tissues and cell types not directly involved in Fe uptake, for

(Persson et al., 2016). Accordingly, xylem sap and shoot levels of Zn

example, in the vasculature of roots, shoots, and developing seeds

were significantly lower.

(Nozoye et al., 2015). It may be important for solubilizing Fe bound

In the Zn hyperaccumulating species A. halleri, root NA synthesis is

to negatively charged polymers in the apoplast. Furthermore, DMA

constitutively stronger than in non‐hyperaccumulating plants. When

is hypothesized to function as a chelator of Fe(III) in xylem and, more

NA synthesis is lowered through knockdown of the most highly

importantly, phloem. In rice phloem sap, DMA was detected as the

expressed NAS gene, Zn accumulation in leaves is significantly reduced

major Fe ligand by SEC and ESI–MS of Fe‐containing fractions

regardless of Zn availability in the soil (Deinlein et al., 2012; Uraguchi,

(Nishiyama, Kato, Nagata, Yanagisawa, & Yoneyama, 2012). Several

Weber, & Clemens, 2019). Apparently, high NA concentrations main-

YSL transporters have been implicated in the transport of Fe(III)–

tain Zn mobility in the root symplast and facilitate the loading of Zn

DMA complexes. A recent example is OsYSL9. Mutants lacking func-

into the xylem. Whether or not NA serves as a major Zn chelator in

tional OsYSL9 show a reduced loading of Fe into the embryo, which

the xylem as well remains to be determined. The existence of Zn–

illustrates the contribution of DMA complexation to Fe translocation

NA complexes is considered less likely because of the lower pH. Still,

within grasses (Senoura et al., 2017).

Zn was detected in pea xylem sap chelated by NA (Flis et al., 2016).

DMA may also contribute to the acquisition and distribution of

As discussed further below, organic acids represent the best alterna-

other micronutrients. Early observations associated stronger release

tive Zn ligand candidates under acidic conditions and were indirectly

of DMA with higher Zn efficiency in wheat (Cakmak et al., 1996).

shown to chelate Zn in the xylem of A. halleri (Cornu et al., 2015). Che-

Transport activities with Cu(II)–DMA or Zn(II)–DMA have been

lation of Zn in the phloem likely represents another function of NA in

reported for YSLs, and Cu(II)–DMA was detected in rice xylem sap

Zn homeostasis. Zn–NA complexes were detected in rice phloem sap

(Ando, Nagata, Yanagisawa, & Yoneyama, 2013).

(Nishiyama, Kato, Nagata, Yanagisawa, & Yoneyama, 2012).

A precursor of mugineic acids is NA (Figure 1). It is produced from

The most comprehensive analysis of metal–LMW ligand com-

three molecules of SAM in a reaction catalysed by NA synthases (NAS;

plexes in plant liquids published to date detected several metal–NA

Curie et al., 2009). Members of the Poaceae possess NA aminotrans-

complexes in xylem and/or embryo sac liquid of pea via HILIC coupled

ferases and DMA synthases that synthesize DMA from NA (Bashir

to dual detection by ICP–MS and high‐resolution ESI–MS (Flis et al.,

et al., 2017). Both DMA and NA function in metal homeostasis of

2016). For Cu(II) and Zn(II), complexes with NA were dominant,

grasses. In dicots and nongraminaceous monocots, however, NA is

accounting for more than half of the total metal signal, and for Co(II)

not converted further and acts as the main SAM‐derived LMW chela-

and Ni(II), they were the most abundant. NA complexes with Cu(II),

tor. It is known to form complexes with Fe(III), Fe(II), Zn(II), Mn(II),

Zn(II), Co(II), and Ni(II) were detected in embryo sac liquid and xylem,

Ni(II), and Cu(II) (Rellan‐Alvarez, Abadia, & Alvarez‐Fernandez, 2008).

whereas Mn(II) and Fe(II) complexes were restricted to the embryo.
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Fe(III)–NA was not detected. Detection of Cu–NA in xylem is consis-

Tissot, Gaymard, Briat, & Dubos, 2016). This was interpreted as evi-

tent with the suspected function of NA as a Cu ligand in this compart-

dence for Fe(III) chelation as the predominant activity and for the

ment (Irtelli, Petrucci, & Navari‐Izzo, 2009). NA is also an important

absence of Fe(III) chelate uptake systems in A. thaliana. However,

binding partner for Cu in the phloem. The phloem‐expressed OsYSL16

fraxetin and sideretin can reduce Fe(III) (Rajniak et al., 2018), making

is required for efficient transfer of Cu from older to younger leaves

it likely that both chelation and reduction are important, especially

and was found to transport Cu–NA in yeast (Zheng, Yamaji, Yokosho,

when considering that in soil, localized concentrations of secreted

& Ma, 2012).

coumarins may be much higher than in a hydroponic medium (Tsai &
Schmidt, 2017). Furthermore, several plant species secrete redox‐
active molecules under Fe deficiency (Rajniak et al., 2018). An example

4.2

|

Phenylpropanoid‐derived ligands

is the secretion of flavins by Beta vulgaris (Sisó‐Terraza, Rios, Abadía,
Abadía, & Álvarez‐Fernández, 2016). They were shown to reductively

The reduction‐based Fe acquisition strategy I of dicots and

dissolve Fe(III). Thus, the picture emerges that the secretion of struc-

nongraminaceous monocots comprises acidification of the rhizosphere

turally diverse LMW reductants is a common element of strategy I in

through the pumping of protons, the reduction of Fe(III) in soluble

higher plants (Rajniak et al., 2018). How widespread the mechanism

Fe(III) chelates by plasma membrane‐localized ferric reductases such

is and which molecules are involved remain to be addressed. Other

as FRO2 and the uptake of Fe(II) by IRT1 and related transporters

important questions concern the responsible biosynthetic pathways,

(Brumbarova, Bauer, & Ivanov, 2015). It had long been hypothesized

that is, the identification of additional enzymes (Siwinska et al.,

that the secretion of phenolic compounds and other LMW ligands

2018; Tsai et al., 2018), their regulation, and the metabolism of

contributes to strategy I as well (Marschner & Römheld, 1994). First

secreted compounds in the rhizosphere.

direct evidence was obtained when it could be demonstrated for red

A contribution of phenolic compounds to Fe nutrition is not

clover that removal of phenolics from the external medium caused

restricted to strategy I plants. In grasses, the secretion of compounds

Fe deficiency (Jin et al., 2007). Only recently, however, were the first

such as protocatechuic acid and caffeic acid aids in solubilizing Fe(III)

phenolics involved in Fe acquisition molecularly identified (reviewed in

precipitated in the apoplast. A defect in the efflux transporter PEZ1,

Clemens & Weber, 2016; Tsai & Schmidt, 2017). Synthesis and secre-

which is predominantly expressed in the stele of rice roots, resulted

tion of coumarins such as scopoletin, fraxetin, or esculetin (Figure 1)

in higher Fe concentrations in the root apoplast and lower Fe concen-

are essential for growth of A. thaliana under alkaline conditions either

trations in xylem sap (Ishimaru et al., 2011).

in soil or in hydroponics. Mutants lacking a functional feruloyl‐CoA 6′‐
hydroxylase, a key enzyme in the coumarin biosynthesis pathway, are
severely Fe deficient when Fe availability is low (Rodríguez‐Celma

4.3

|

Thiols

et al., 2013; Schmid et al., 2014 ; Schmidt et al., 2014). The same
applies to plants carrying loss‐of‐function mutations in the ABC‐type

The major LMW thiols in plant cells are cysteine, GSH, and

transporter ABCG37, which mediates the export of coumarins into

phytochelatins (PCs), the latter being peptides synthesized from

the rhizosphere (Fourcroy et al., 2014). Later, sideretin (Figure 1) was

GSH. According to the Irving–Williams series, sulfur ligands have a

identified as a major coumarin secreted by Fe‐deficient roots of

particularly strong affinity for metal ions, making thiols potential

A. thaliana (Rajniak et al., 2018). In fact, many other dicot species were

LMW ligands. Because of the roughly 100‐fold higher intracellular

found to secrete sideretin as well, and the biosynthetic pathway

concentrations relative to cysteine, GSH is far more relevant in this

apparently arose early in angiosperm evolution. Thus, it appears likely

context (reviewed in Seth et al., 2012). PC concentrations vary

that the secretion of coumarins or functionally equivalent metabolites

strongly. In cells not exposed to any metal excess, they are small but

is a widespread and essential component of strategy I especially under

can reach millimolar levels when PC synthases become activated by

neutral to alkaline conditions when the classic trio of proton pump–

metals (Kühnlenz, Schmidt, Uraguchi, & Clemens, 2014).

FRO2–IRT1 is barely active (Grillet & Schmidt, 2017).
A key question emerged with the discovery of the role that couma-

The metal‐binding activity of thiols has been mostly implicated in
cytosolic

buffering,

vacuolar

sequestration,

and

long‐distance

rins play in Fe acquisition: Are the beneficial effects of secretion

transport in the phloem (Figure 2). Direct detection of thiol–metal

attributable to the reduction or the chelation of Fe(III) by coumarins

complexes in the cytosol, however, is extremely challenging, the

(Schmid et al., 2014; Schmidt et al., 2014)? Fe(III) chelates could mobi-

exception being complexes with As(III), which are much more stable

lize insoluble Fe, facilitate ferric reductase‐dependent reduction, or in

(Liu et al., 2010). Thus, most of the current knowledge on thiols as

addition be taken up by plant roots analogous to phytosiderophores.

LMW ligands is inferred from mutant phenotypes, indirect biochemical

The physiologically active coumarins are catecholic coumarins carrying

evidence for the existence of thiol–metal complexes, and data on

neighbouring hydroxyl groups on the aromatic ring, for example,

in vitro stability constants.

fraxetin (Figure 1). They can solubilize Fe(III) from Fe hydroxide precip-

Mostly based on in vitro data and theoretical considerations, GSH

itates (Schmid et al., 2014). Experiments with strategy I pathway

was proposed to function as the main Fe(II) ligand in the labile Fe pool,

mutants showed that the beneficial effects of coumarins secretion

which is thought to be less tightly controlled than the Cu and Zn pools,

are dependent on functionality of both FRO2 and IRT1 (Fourcroy,

meaning that the concentration of labile Fe(II) is much higher (Hider &
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Kong, 2013). Nonetheless, GSH was suggested to represent an impor-

Evidence for citrate, malate, and also oxalate as metal ligands in

tant cytosolic buffer of Zn as well (Krężel & Maret, 2016). Experimen-

vacuoles is much less abundant. Genetic interventions are difficult

tal evidence for these well‐substantiated hypotheses is still scarce.

given the multiple roles organic acids play in metabolism. Thus, data

The combination of SEC–ICP–MS and ESI–MS applied to root extracts

are largely confined to Zn hyperaccumulating plants, where Zn con-

of A. halleri identified GSH as a potential Zn ligand besides NA and PCs

centrations in leaves are up to three orders of magnitude higher than

(Deinlein et al., 2012). A. thaliana lines with elevated GSH levels in the

in normal plants and the binding environment of Zn can be studied

leaves were found to translocate Zn more efficiently from roots to

more easily. In A. halleri, a large fraction of total leaf Zn was estimated

shoots (Wongkaew et al., 2019), consistent with a role of GSH as a

to be present in complexes with malate and citrate based on X‐ray

symplastic Zn ligand.

fluorescence data (Sarret et al., 2009). For another hyperaccumulator

PCs may serve a similar function because PC‐deficient A. thaliana

model species, Noccaea caerulescens, citrate and malate were pro-

mutants accumulated less Zn in leaves when grown in regular lab soil,

posed to function as Zn ligands in epidermal cells where most of the

that is, in the absence of any metal excess (Kühnlenz et al., 2016).

Zn accumulates, whereas in mesophyll cells, NA appeared to chelate

Most data on PCs as metal ligands, however, are related to conditions

most of the Zn (Schneider et al., 2013).

when external concentrations of essential or nonessential metals/

Regarding the presence of Fe–organic acid complexes in the extra-

metalloids are so high that growth inhibition occurs. The ability of

cellular space, a surprising finding was reported for pea seeds (Grillet,

plants to tolerate exposure to the environmental pollutants Cd, As,

Ouerdane, et al., 2014). XANES data indicated that Fe was present as

and Pb is strongly dependent on PCs (Fischer, Kühnlenz, Thieme,

Fe(III) in embryo sac liquid and mostly complexed with citrate. This

Schmidt, & Clemens, 2014; Mendoza‐Cozatl, Jobe, Hauser, &

was further substantiated by HILIC coupled to ICP–MS and ESI–MS.

Schroeder, 2011). In addition, PC synthesis helps plants to survive

Two major Fe complexes, both consisting of four organic acid mole-

Zn excess conditions (Kühnlenz et al., 2016). The second essential

cules (citrate and malate) and three Fe atoms, were detected. Prior

component of detoxification via the PC pathway is transport of PC–

to uptake into the embryo, however, Fe(III) has to be reduced to Fe(II).

metal complexes into the vacuole (Figure 2). Responsible proteins

Unlike in Fe uptake by roots, this reduction was not mediated by a fer-

are ABCC transporters (reviewed in Martinoia, 2018). Detection of

ric reductase but chemically by ascorbic acid, secreted into the embryo

metal–PC complexes, Cd–PC in particular, in phloem sap of plants

sac liquid. A corresponding transport activity was found in A. thaliana

exposed to toxic metal concentrations suggests, however, that they

as well, suggesting a general function of ascorbic acid in modulating

are not quantitatively sequestrated in vacuoles (Mendoza‐Cozatl,

the redox state of Fe.

Jobe, Hauser, & Schroeder, 2011).

An important LMW ligand not belonging to the carboxylic acids is
phytate, that is, inositol hexakisphosphate. In cereal grains, phytate is a
major binding partner of micronutrients and especially Fe (Grillet,

4.4

|

Organic acids

Mari, & Schmidt, 2014). The presence of Fe–phytate complexes
restricts the bioavailability of Fe in food as discussed further below.

The role of organic acids as metal ligands is largely confined to acidic
environments because the stability of complexes with metals is too
low at neutral or alkaline pH (Álvarez‐Fernández, Díaz‐Benito, Abadía,

4.5

|

Amino acids

Lopez‐Millan, & Abadía, 2014). Thus, apoplast, xylem sap, and vacuoles represent the main compartments where such complexes occur.

The above‐mentioned inventory of metal complexes in plant fluids

Concentrations of citrate or malate can reach the millimolar range

contained several amino acids as ligands, namely, asparagine, aspar-

there, which is high enough to enable metal‐complex formation.

tate, glutamine, phenylalanine, tryptophan, and histidine (Flis et al.,

Citrate is well established as a ligand for Fe(III) in the xylem. The

2016). This group plus cysteine overlaps well with the typical metal

existence of respective complexes was directly demonstrated

ligands in proteins. The side chains of cysteine, histidine, asparagine,

(Rellán‐Álvarez et al., 2010), and A. thaliana mutants with a defect in

aspartate, glutamine, and glutamate all contain donor atoms that can

FRD3, a transporter mediating secretion of citrate into xylem and

engage in metal binding (Bertini, Gray, Valentine, & Stiefel, 2007).

apoplast, showed various Fe deficiency symptoms (Roschzttardtz,

Although myriad structures of metalloproteins, and with that the

Séguéla‐Arnaud, Briat, Vert, & Curie, 2011). The recently published

amino acid ligand environments of their metallic cofactors have been

inventory of metal complexes in plant fluids found Fe speciation in

resolved, very little is known about the role of free amino acids as

pea xylem to be dominated by citrate and malate (Flis et al., 2016).

metal ligands. Again, this is explained by the inability to capture intact

At least a fraction of total Zn in pea xylem sap appears to be chelated

complexes of metals with LMW ligands. Relative to SAM‐derived che-

by organic acids as well. This is consistent with the indirect detection

lators or organic acids, amino acids appear to play only a minor role as

of Zn–organic acid complexes in the xylem of A. halleri via SEC–ICP–

metal ligands in plant fluids (Flis et al., 2016). Inside the cytosol, thiols

MS (Cornu et al., 2015). Fittingly, the overexpression of FRD3 in rice

are the more prominent ligands. One exception is the special case of

can enhance the mobility of both Fe and Zn, resulting in elevated

Ni hyperaccumulation. Histidine can form stable complexes with Ni(II),

levels of these important micronutrients in the endosperm (Wu,

a fact that has been widely used for the affinity purification of recom-

Gruissem, & Bhullar, 2018).

binant proteins. For Ni hyperaccumulators, which represent the vast
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majority of the >700 plant species that show metal hyperaccumulation

ORCID

(Reeves et al., 2018), it was shown that elevated levels of histidine

Stephan Clemens

https://orcid.org/0000-0003-0570-1060

enhance symplastic mobility and xylem loading of Ni (reviewed in
Krämer, 2010). Owing to its three potential binding sites, the carboxylate, amino, and imidazole groups, histidine is a potent chelator for
a range of metals and is a candidate especially for binding Cu in
phloem sap (Ando, Nagata, Yanagisawa, & Yoneyama, 2013).

5 | L M W LI G A N D S A N D H U M A N
N U T RI T I O N
The challenges associated with acquiring metallic micronutrients in
sufficient quantities do not apply to plants alone, of course. Poor solubility or high‐affinity binding to molecules in the extracellular milieu
limits the bioavailability of Fe or Zn even in heterotrophic organisms.
In humans, between less than 1% and about 20%, with an average
of 5–8%, of the nonheme Fe contained in the diet is actually entering
the body (Collings et al., 2013). Bioavailability of Zn is considered to
be higher with around 25% but still low. An important factor influencing bioavailability is composition of the diet, specifically the ligand
environment of micronutrients in plant tissues, changes possibly
occurring during processing or storage, and the fate of respective
complexes during the digestive process. A ligand such as phytate is
considered an antinutrient because it is abundant in cereal grains,
binds Fe and Zn very tightly, and thus severely limits the uptake of
Fe and Zn by gut epithelial cells.
Increasing the bioavailable Fe and Zn in staple crops is a major
research goal because deficiencies in these micronutrients belong to
most prevalent health risks globally (World Health Organization,
2009). One of the promising approaches is to engineer the synthesis
of plant metal chelators in order to enhance both the total content
in edible organs and the bioavailability. A key element of most studies
with this goal has been the overexpression of NAS (Grillet, Mari, &
Schmidt, 2014; Clemens, 2014). In rice, it was shown that NA overproduction can change the ligand environment of Fe and Zn in the endosperm and positively influence bioavailability, at least according to
feeding studies with mice (Lee et al., 2009, 2011). A recent example
is the overexpression of OsNAS2 in wheat. Transgenic plants accumulated more NA and DMA as well as Fe and Zn in the endosperm
(Beasley et al., 2019). After grains obtained from field‐grown plants
were milled, Fe bioavailability was enhanced according to studies
employing Caco‐2 cells, human epithelial colorectal adenocarcinoma
cells that are widely used as a model. Such studies indicate the
potential of engineering metal ligand synthesis and distribution in
plants. It is conceivable that several other metal ligands may be used
to favourably influence the bioavailability of micronutrients in plant‐
derived food, once we know more about their exact impact on metal
mobility or storage.
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